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WALKER’ AND W. G. "MEMBERS, AS 


Bureau “of Reclamation (USBR) laboratory. es- 
- tablished procedures for standardizing the testing of material to be used in - 
embankments of earth | dam structures. . This paper describes these tests and 


aot and their correlation with field data. 


SS 


established 
The t test ‘has been slightly 1 ‘modified, and lab- 


tion effect of sheepsfoot rollers 


re “The effect of present in the soil mixture | is analyzed, and 


| 
| 


compaction testing of p pervious materials i is also, considered. The laboratory 


tests led to the deve elopment of efficient compaction. equipment and procedures | 
f field 


It is difficult ‘to correlate data from permeability tests in the lab- 


oratory with results of field tests. The | conditions of these tests are outlined, 
and their merit is analyzed These tests have resulted in the. development. of 
a theory of pore pressure that is valuable in in appraising the characteristics of a 
_ given embankment material. T The pore pressure principle i is discussed, and the 
“basic equations used i in the determination of pore pressure ; are listed. a 
i. Consolidation and settlement tests can be carried out in the laboratory, 
and by using adjustments 0 of the basic tests, it is possible to secure good correla- 


ton with eld data 


"Development. of the triaxial shear test has a valuable tool i in the 


= 


analysis of ‘soil samples. Thea apparatus and procedure ‘of these tests is out- 
lined, as well as modifications made necesss ury by pore pressure considerations. 


Nore. —Written comments are invited for publication; the last discussion should be 
: a Head, Earth Dams Section, Bureau of Reclamation, U. 8. Dept. of the Interior, Denver, Colo. _ 


Head, Earth Laboratory Section, Bureau of R eclamation, U. 8. a of the Interior, Denver, Colo. 
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3 The stability of an earth structure is dependent toa great extent on ‘the 7 

moisture conditions at the time of placing. The theory of limiting moisture “an 4 
content is discussed, and it is ‘related to the field control of moisture in em- 
bankments. ‘The effect. of ‘pore pressure and rock. content is analyzed, and 
several typical examples are cited. | 
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Within the field of soil mechanics there are several closely related bu it 
nevertheless distinct fields of endeavor, each of which has its own set of prob- 
lems for which individual solutions have been developed. In the past few 
years, there has been a growing awareness that these individual solutions 
cannot be directly applied to related fields of endeavor ev en though they 
In this: field the USBR is primarily concerned 
with: hydraulic structures ahs as large earth dams, and i irrige ration w vorks, and 
to lesser extent with nonhydraulie structures. AS a result, the highest 
development of f certain 1 qualities of the soil that are largely incidental for — 
fields of endeavor been found necessary. The observations reported in 
this paper and the solutions that have been dev veloped should be considered 


as information that may aid in the solution of related problems. but. not as” 


established procedures to be adopted without question. 


re In the development of designs for earth dams and irrigation « canals, the | 
of the USBR directed toward the ‘retention: of 


“Therefore, any dam or anal must 


¢ not only have sufficient watertightness to serve the purpose for which it is 

intended, but also the structure must be stable within itself, and it must hold 
g its form with time—that is, consolidation and settlement should remain within 7 


bounds for life of the ond these are 


ability of the soil under the condition of use must be known as well as its 


strength and how much it will change under load with the | of te. 


are the of a soil that | is suit 
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stability, and consolidation may | be determined for a given soil sample . There a 
are no direct means available for defining w orkability or durability, but there. a | 


are numerous index tests suitable for this purpose. _ Many investigators have | 
been endeavoring to correlate tests such as s grain size, e, density, plasticity index, r 
penetration resistance, and others with performance. Certain advantages of 

“such tests in indicating cheaply the relative properties ¢ of a soil are recognized, _ ns 
but no way has been discover ed in 2 which these values might be applied to the - 
development of a rational design, except by purely empirical procedures. 
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spe eenny properly interpreted, provide valid values for use in design: analyses. 


oratory for the study ¢ and | control of soils to be used in earth embankments, | the 


4 


-yd to 10,000,000 cu yd. The results of the numerous control tests have shown — 
that a considerable spread must be tolerated, . but it is possible to keep within — 


‘fications, the tests used to establish compaction, penetration resistance, perme- 


Proctor’s original | laboratory tests w were perfor rmed 0 on minus. lin. . soil fractions — 
(portions 0 of the sample that pass a j-In. sieve). The soil was compacted into 


-1/20- cu ft capacity. 
less than 1/20- cu 1 ft volume ¢ gave density ‘and needle data that could not be 


tests made in. 1/30- cu ft ‘molds, that have been widely used as a standard, | 


generally have found to provide slightly’ higher maximum 
slightly: lowe er optimum | moisture, and slightly higher penetration values than > 


ale to standardize the compaction test for USBR purposes, standards were 
adopted after considerable independent. laboratory and field study. These 
‘standards ‘include: qd) a 1/20- 


in. long); (2) a 54-lb hammer, with 2-in. diameter tamping foot; (3) Hammer 


“Earth ‘Manual, ” Bureau of Reclamation, U. & 


1933, p. 245. 
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‘This paper | does not concern itself with the evaluation of these abstract char- 
acteristics. h: The laboratory procedures described herein are presented | only in ‘in 


brief for m, aus they are described i in detail elsew here. o 


design theories require that. a soil be and isotropic. 


Those familiar with in n practice there i is variation 


xtent of these for different kinds ‘of under 
struction control is under study, and the effect of these variations is upon the 
performan ince of a given design is also of interest. In order to secure a valid” 
comparison, the same standards of control have been maintained f for all ea earth» 

dams constructed since 1941. These dams, representing more than 30 separate 
fills, have been built of a great variety of materials under an extreme vE ariety 
of construction conditions. — These fills s range f from structures 40 ft high to some 


which are 450 ft high, and ‘ioe rolume of the structures r range e from 100 000 cu — 


‘pre- -established limits, and, in some respects, the behavior of the completed — 


structure ¢ can be predicted. _ There is also reason to believe that if it is possible 
to ‘perform | sufficient laboratory tests to establish ‘reliable a aver rages, these 


Compaction TESTING 


—_— of the Proctor Test.- —W hen the USBR first established a lab- 


findings of Mr. R. R. Proctor were used as a basis. _ Except. for minor modi- 
ability, and consolidation | per formance standards are the basic tests still used. 
a mold in three layers, each layer. being. tamped by “25 firm 12-inch strokes | 


using a rammer of 53-pound weight with a striking area two inches in diameter.” 
~The mold used was | 
‘usec 


“about 4 inches i in diameter | by Sinha high” and had a 
Mr. 5 Pp Proctor determined that a compaction cylinder of 


correlated properly field compaction by sheepsfoot rolling. Compaction 


those found under field conditions because the material is more confined. a 


cu ft cylinder ‘(about 4} in. inside diameter e 


lar 0. 8. Dept. of the Interior, Appendix, Denver Federal 


by R. Proctor, Vol. 111, 


Center, Denver, Colo. 


Principles « of Soil Compaction,” 
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An impact for the standard compaction test th: 

means has been fabricated, but the machine is used only for research purposes. 7 

‘It has been found that the manual test is satisfactory for all practical purposes, 7 


and the manu a equipment can be readily handled in the field as well as in the 


Laboratory Analysis of ‘Sheepsfoot Roller Compaction. standard 


laboratory imp: act procedure for establishing compaction charac teristics 

been questioned by some engineers who believed it did not give data com- 

parable that uined on actual embankment using sheepsfoot rollers. 

Therefore, large-scale compaction tests using the -sheepsfoot. principle were 

undertaken ir in the laboratory i in 1936. The equipment used is shown in Fi 

a hydraulic jack and. an ad- 
platform _containing a 

pressure capsule measuring 

compacting forces. The 


justable platfor m s the ¢ com- 


paction of sample 
thicknesses. 
cylinder consists of three 
‘parts— —the base, the main cylinder, 
and a ‘remov able upper collar. 
| - The main cylinder is about 2 3 in. 
in diameter and 123 in. . deep with a 
-0.75-cu ft capacity. Ther remov- 
able collar is 9 in. long. The 
specimens are pl: in three 6-i -in. 
compacted | layers, after w which | 
the collar and top layer wer were ree 
moved and the density deter mined 
The compaetion test was made on eral materials con-— 
up to 10% ranging in ‘size efrom 4 to 13 in. arious smoisture 
6 conditions were inv estigated as W ell as V arious conditions of coverage a and knob > 
pressures s to deve relop moisture-dens nsity "relations for the various compaction 
conditions. The results and implications of these tests will be. discussed in 
det ail in following par agraphs. _ However, as a matter of standards, it was 


> 
found that the shee} »sfoot compaction test gave data comparable to that ob- 


tained by the standard laboratory impact tests, and, therefore, it was felt that 
the standard (impact) test should be used for embankment materials, in- 


— 


vestigations, and embankment control. 
of Rock —The standard laboratory 
il material. 


— _ blow secured by 
pacted layers. 
The laboratory study established that the 18-in. free-fall” drop of the 
a hammer was approximately equal to the 12-in. firm stroke specified by Mr. 
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This is assumed to be the portion of a sample that pass ‘through No. 4 siev e. 


. if the total material contains rock p: particles (particles. larger than those } passing 
the No. 4 sieve) the thestetien! de satel of the total material can be ie 


in which D, is the dry « 7 of soil and rock; > Dy is. the dry dens ity of soil 
- fraction as compacted; D, is the dry density of rock fr: act tion (specific ; gr avity 


“times 4); and P i is the of rock as a s a decimal). There 
= shows graphically the Soil (By Weight) 
effect on density of soil : 90 80 70 60 
fractions varying from 
= 0% to P = 100% of 
theoretical formula is valid 
only if. the dry weight of 
rock per unit volume of the 
total material does not ex- 
ceed the unit Ww eight of the 
rock particles (generally 
taken as the dry rodded unit 
weight). Ifa a material con- 
tains more than about 70% 
pene by weight of 
the total. ‘material, the re- 
lations as by the 
theoretical formula do not 
apply. Actually, this per- 
centage varies from about. 
to 75%, depending 
upon the gradation, shape, 
 andotherlike 
of the rock particles. _ The 
percentage of rock particles 
that a total material can 
contain without exceeding 7 
the physical limitations of | 0 10 20°30 40 50 60 70 80 90 100 
the formula i is called the Percentage of Rock (By Weight), 


_ theoretical upper limit of Fie. 1b 


percentage of rock. This is is 

shown by graphical presentation in Fig. 2 . In this figure, | the: curve ABCD 

is the theoretical density curve (D,) for total material | (in pounds per cubic 
foot) as computed from the formula. w Ww eight of rock” (W,) and weight of 


soil (W.) in in pounds per | cubic foot of total compacted material, are shown as 


Weight of Soil (Ws) 


| 
| 
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oe 
if | 
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continuous heavy ¢ curves which cross below the theoretical density curve. re. In 
- this case the unit weight of the rock particles alone was found by laboratory 
experiments to be +108. 0 Ib per cu ft, and the maximum compacted dry density 
of the soil fraction (D, yy was 124.2 Ib per cu ft (specific gravity = 2.68) = Simi- 
4 


larly, the density of the rock fraction was 161.0 Ib ‘per cu ft (specific gravity 


= 2, 53). ‘Since the unit weight of rock particles ‘cannot exceed 108.0 per ‘| 
ew ft, the total material cannot contain more than 72% rock, if the rock voids ; 
_are filled with compacted soil. The weight of rock (W.) curve must then take a ; 7 


the shape OFE. If this particular material contains more than 72% rock and 
‘if the gradation is is maintained as the total material i is compacted, the theoretical - 
: density will be r reduced in accordance with | curve CE and the curve ABCE 


7 Ww hen soil and rock are ‘compacted by field aie or even a laboratory 
a densities start to fall below the theoretical laboratory | density w hen 


_ the total material contains about 30% ) rock, the percentage causing interference — ; 


may be as low as 325% i in some Averages from several projects show _ 
considerable variation; in some cases enntionl densities were maintained for . 
content as high as 50%, in extremely well- graded material. = gx' 
show an increased scattering in the zone ‘beyond 40% rock 
content. Very few tests have been made on | materials with rock content as 
high : as 70%, but indications are that at this point 85% to 90% of theoretical . oe 

laboratory density can be achieved. The average of the densities. actually 
obtained would follow a curve e similar to line ABB’E.in Fig.2, 
* “2 Compaction Tests on Pervious Material. — —It was recognized that the ie 


: ae tests would not apply to the coarse- -grained -noncohesive pervious 


‘materials. This situation did not concern the USBR greatly because the use 
-_of these materials was restricted to the outer layers of anembankment. W ater-— 


- tightness was not required under these conditions, satisfactory stability pd . 
‘presumed exist under | whatever method of compaction was used, 
‘consolidation of f any reasonable amount. could be tolerated in the thin zones 
‘The circumstances surrounding a number of dam an chosen for ili 
ment since W World W ar II required either the use of very large zones of pervious 4 


materials or else the construction of extensive drainage blankets beneath the 
dow nstream section of the dam. _ Under such circumstances it was felt that 
the adequacy of compaction could no longer be left to chance. — oe 
test have been the determination of relative 


4 Uil 


é 


and most dense s of pervious s materials. ;. The loosest 
determined by placing the dry granular soil in a prescribed manner with a 
hand. scoop in a 0.1, 0.5, or 1.0-cu ft mold (depending on the maximum size of 


the particles) until the mold i is filled ‘to overflowing. The poured material is = 7 
struck off. with a straight edge, and | the and density of the soil is deter- 


se - 
Bats. 


| 
q 
| 
— 
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q 
granular soil in 1-in. layers, at opti 
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cu cu ft compaction cylinder hammer having a 3}-in. diameter 
and a -10-Ib drop weight. Fifty well-distributed blows of the drop 
hammer, falling 18 in. are applied to each layer. Vibration is used if this 
"procedure produces densities equal to or Legh tee those obtained by the | 


for testing these cos coarser The por pen (Dr), “expressed as 
"percentage, is by the following 


— 
Bn which € is cian in-place void ratio; émax is the void ratio at loosest state; and 


€min is the void ratio at ‘most compact state. For convenient field v use, the 


foregoing equation 1 may y be. written: 
6 


max 

; in Ww which D is the i in- -place density; Dimax i is the density i in most compact , state; 
and Drain i is the density i in loosest state 

The field control for these pervious materials is specified to obtain at least 
70% ‘relative density. _ Although laboratory studies have been conducted, 
_ tests and field observations are still in progress to further confirm this ‘re- 
quirement, 

Design of Field Compaction Equipment.— —In an attempt to to secure the com- 
standards first outlined by Mr. Proctor and. subsequently modified 


-USBR practice,® continuously larger and heavier rollers were specified. 


Test sections of various types were tried i in an attempt to arrive at a compe, rison 
between the standard laboratory compaction and the roller performance in the 
field with indifferent success. * It was always possible to achieve a fair degree 
of comparison, but many erratic results were obtained, _ that have variously 

been ascribed to lack of sufficient construction control, excessive e differences i in a 
the conditions between laboratory a and field compaction, confinement effects, 

; _ USBR engineers finally designed a roller far heavier than anything then 
available. This roller was so heavy that. only the largest tractors could pull it » 


_ successfully. W ith ‘such rollers it was possible for the first time to ‘secure 


consistently compaction equivalent to the laboratory standard. In 1 fact, the 


reports ‘were so that serious s consideration was given to in- 


e rd. Wartime interruptions 
_ with the 1 resulting « diene’ in construction ‘practices and economics, and the 
loss of personnel » with the prerequisite technical skill have all contributed. to 
& reduction ir in the quality of compaction ¢ control that was being achieved 1 in the 
first postwar years. Therefore, the safety margin of compacting ability, 


5 “‘Earth Manual,” Bureau of Reclamation, U. S. Dept. of the Interior, Chapter VII, Denver — 


A 


| 
{ 
, 
¢ 
i 
i 
| = 
fl j 
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‘available i in this ro roller hee been extremely is the 
- type of ‘compaction sought since 1936 is finally being successfully achieved 
but only with specific types of soil and only if reasonably good i 
_ The laboratory compaction tests with sheepsfoot type tampers, described 
— provide some interesting information on the comparison of lab- | 
oratory and field data. The standard USBR roller provides knob pressures 
up to 490 lb per sq in. when fully ballasted with sand and Ww rater, as based on a — 
eight of 41 Ib acting on 5% of 240 knobs, each with a 7.07- 
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Cubic Foot 


‘ounds per 


ensity, in P 


i 


(Example: 35 Blows per Layer) 


Tests 


1009 —— (Example: 400 Lb per Sq 


0 — — 
a Moisture, Percentage of Dry Weight 


iF Fia. 3.—ComPaRIsoN OF RESULTS ‘OF CoMPACTION 


Laboratory for Compaction Tests. comparing curves in 
a Fig. 3, based on Platte River embankment material ‘studies, it can be seen 
: that the compaction characteristics for the ne sheepsfoot and impact compaction — 


tests are quite similar. With 200 Ib per sc sq in. knob. pressures, a sheepsfoot. 
er coverage of about 80% i is required to equal the results obtained by the 
standard impact test. Likewise, at (50% coverage, knob pressures 


0 to 400 | Ib | er 8q in. are required | to equal the autem by the 
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in the y cylinder are to. the 
_sheepsfoot results under maximum knob pressures and 50% coverage or 35 to 
40 blows per layer are required under maximum knob— pressures and 10% 
“coverage. ~ Recognizing some loss of efficiency in field compaction, it has been a 
estimated that laboratory compaction of 30 to 35 blows per layer gives com- 
paction values similar to field roller compaction under maximum knob pressures 
and 70% cov erage. For this reason, 33 blows per layer laboratory impact 
compaction is often used as a control for moisture limit tests and other detailed 
laboratory tests. It should be noted, however, that the difference in density - 
moisture rel relations s obtained by the 25 blows per layer commonly cused. 
laboratory compaction tests and in field control or the 33 blows” per — 


7 
- laboratory standard is relatively small, and the former test is quite a : 


for r design and control 
There i is no one best way to compact all kinds of Instead, the 


USBR has tried to deter ‘mine the need for compaction of any soil i in accordance © 
the purpose it is to serve. Some granular coarse-grained soils could 
oe : compacted as well, or better, simply by the passage of a large tractor as they 
were with tractor and roller. _ Decreasing densities must be accepted 4 


increased percentages of coarse material in otherwise well-g graded 


; of bentonitic clays are recognized, but this type of mater ‘ial is normally av cided — 


_ the construction of earth dam embankments . Slight expansion of a 


 mamena in the laboratory have been noted when the load was removed after : 7 
the samples had I been loaded and saturated. There has been some ev idence 


that the upper layers ofa highly ‘compacted fill demonstrate a slight rebound, 


but it is believed that the benefits of high compaction far exceed the 
advantages that such behavior may produce. There are, in fact, some w ho 
“infer that the kind of compaction “required by the USBR is inadequate. , 


With the increase in compactive effort in the field it was found advisable 


by Theodore T. Knappen,° is a matter of concern. bo The expansive properties 


No evidence has been found so- “called over- -compaction, first” referred to. 


— 


i. decrease the moisture used for compaction as detern mined by laboratory - 
tests. Although the original intention was to reduce the opportunity for 
development of high pore pressure, this cone also brought the moisture 


Se 


content closer to the optimum for the roller, avoided the danger of having ‘soft 
“fills when slight excesses of moisture ional, and provided a greater margin of © 
acceptable moisture limits for satisfactory compaction. The ‘difficulties: 
experienced with fill construction in 1930, when the puddle fill philosophy still 
_ dominated the picture instead of the practices used for embankment t construc-— 


7.8. 


tion today, emphasizes the need for dry firm fills obtainable only with heavy | 


he If the idea is + accepted that the various performance characteristics of a 
ithin reasonable limits if the density | and moisture 


= 
Ge 


“Calculation of the Stability of Earth Dams,” by Theodore T. Knappen, Transactions, Second 
on Large Dams, Vol. ITV,1036,p.506. 


 7“QLaboratory Soil Compaction Methods, Penetration Resistance Measurements, po the Indicated 7 
eee Penetration Resistance,” by R. R. Proctor, Proceedings, Second International Conference on : 
Mechanics and Foundation Eng., Vol. V, 1948, p. 242. 
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content are e established, then laboratory | performance and field performance 


Tests 


embankment materials are performed on the minus No. 4 fraction of the soil, 


a specimens 8 in. in diameter by 3 in. dee p. The soils are com pacted in” 
4 


steel cylinders at optimum moisture and maximum laboratory density i in three 
equal layers, , following the procedures originally outlined | by Mr. Proctor io 
- somew hat modified by the USBR. if the material will undoubtedly y show a_ 
"moderate permeability rate, greater than 1.0 ft per yr the modification el 4 
of using a loading standard equiv alent to 20 ft of fill, assuming that this will 
- give ‘a conservative value of permeability | fo r the equivalent section of the 
embankment. however, the material to be tested is one in which the 

per meability i is very low, the practice of u using a loading equivalent to 100 ft of 
“fill has been adopted as giving a more reliable indication of the character of = 
the soil. ‘upon further consideration, -it is found necessary to use 
material for the imperious ‘section a major dam, the permeability 
_ consolidation | characteristics throughout the entire range of loading are then 

+ In 1940 it was found necessary to consider for use in an enieeedhiiate a . soil 
“te a that consisted of a mixture of about 50% gravel and 50% clay. Previous 
= ~ experience of the USBR led to the belief that in such a case the characteristics Z 
the fine- -grained portion would control the ch character of the mixture. In 
about this range of gradation the USBR standards of « compaction w ould be : 
attained only with great difficulty, ifatall. It was deemed desirable, 
to test the complete material instead of only the minus No. 4 size so a testing — = | 


procedure was devised for such materials. hen materials” “containing a 


«F 


retained on a No. siev ve) are large steel 20 in. 
in diameter by 9 in. deep are used. . The maximum particle size for this test is — 
= to 3i in. In this test the material is compacted in three equal layers, — 


is 


at laboratory - optimum moisture for the mixture at the density anticipated 


% _ Permeability tests on. undisturbed fine- grained soils are ‘made. on cylindrical 
specimens, 3} in. in diameter by 3 in. to 9 in. long. _ These spe specimens : are placed 
_ in rubber sleeves, and the sleeves are attached to perforated end plates. — ‘The 


os. specimen and container assembly is placed in a pressure chamber and ‘sur- 


rounded by | water. A pressure slightly in excess of the percolating water 
q pressure is applied to the chamber to hold the s sleeve tightly against the speci- — 


men. — Relatively air-free or de-aired water is ; permeated through the specimen 
o by gravity or pressure flow until a constant rate is obtained. In all cases the of . 


conditions are selected to the actual field conditions as closely 
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Tests. —The idea been a 
certain Laboratory tests on models and electrical 


provided a means for determining the flow lines for a given design, and the La 
“Place equation provided a means of evaluating the loss through the designed 
section. To prove the reliability of these interpretations, wells were sunk into| 
some of our older dams to locate the p position of the peetiniegas ‘most (or phreatic) 
flow: line. Assuming that bedrock provided the lowermost flow line and also— 
that the quantity of w ater | passing the dam could be determined, it w ould then 
be possible to check the ps per meability | of the materials in a dam. a a 7 
It soon became evident that the water levels measured in these Ww rells did 
~ not correspond to : ) any preconceived ideas for the location of the line of satura- 4 
en i seemed that with the low permeabilities of the surrounding soil in a 
the embankment, these wells acted either as reservoirs or drains and some 
other. method would have to be devised that did not. require a supply of w some 
from the embankment. — Subsequently, pressure cells that met this requirement 
were installed. _ Although it is now believed that the pressures revealed a 
these cells one reliable, when the cells remained operative, the information 
| Perm would enable a check of laboratory per meability tests was not obtained. —_ 


Permeability no longer seems” important in connection with embankments: 


‘is economically 1 negligible has | alw ays been available for the c core e of ‘the | dam. _ 
If, in actual construction, field permeabilities are a hundred times as great -“ 
in the laboratory, losses through the usual em embankment would still be un- - 


Foundation ‘permeabilities have been even more difficult to. correlate with 
~ laboratory measurements. This must be expected, for it is virtually im- | 
possible to reproduce either field conditions in. the laboratory” or exercise 
a laboratory control in the field. iif field and laboratory tests show results of 
the same order of magnitude, excellent correlation is considered to have. been 
~ achieved. ON evertheless, many surprisingly accurate estimates of leakage into 
foundation excavations have been made from rather questionable data com- 
bined with judgment. and e: experience. Although ‘attempts to check laboratory 
permeability in the field have been “unsuccessful so in- 
strumental i 


‘This i is the development of the pore  preseune concept. yee 


> > 


ignificance of por 


and L. W. Hamilton of the USBR during the ylang part ‘of 1936. 
‘Tesult of an effort to rationalize observations made during field per Pein 


Mai iil 


_ testing and to interpret laboratory shear tests. i, The concept of pore pressure 
and its unt on ~~ stability wd a soil mass were not new in soil mechanics at 


that time. to the phenomenon by other — 
an IO Through Dams,” by Arthur Casagrande, Journal, New England Water Works Assn., 
Vol. . ‘51 1937, p. 131. 
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authorities, including the writings of Karl Terzaghi, 2 Hon. M. ASCE. _How- 
e ver, detailed descriptions of the phenomenon, as well a as supporting ng data, were 


a seldom given. . To obtain the data necessary to support the concept, a Gelling. 


program that ev -ventually consisted of “humerous shear and pore pressure tests 


was undertaken Hamilton in. cooperation with Messrs. Brahtz and 


the -w ar years ‘of Bmiteations and heavy construction 
work programs. Later research work of the USBR in this field has not been 
_ published, but the. results of | actual pore pressure measurements in earth dams © 


constructed by the USBR were contained in an article » prepared for the Second _ 
Conference on Soil Mechanics and Foundation Engineering. 
ry: Theoretical Derivation.—Pore pressure, as defined for the purposes of this — 
Paper, i is the internal hydrostatic pressure or the pressure in the pore fluid oe 


_ a soil mass. s. Pore pressure | dev velops i in a soil mass as consolidation from loading 
- akes | s place . As the shearing strength « of soil due to frictional ‘resistance 
depends o1 on the contact pressures betw een ‘the soil grains, loss of strength takes 
i place as pore e pressure , develops since pore pressure reduces the particle contact 


_ pressures. . This ‘simple relationship can be expressed as follows: ee 


a —inw which f i is the total stress (or fill load); f is the effective stress (grain to grain i. 

pressure causing consolidation) ; and u is the pore pressure. The loading of 
“4 soil mass produces a volume change that be accompanied by either ¢ 
4 corresponding extrusion or compression of the pore fluid. Thus, ‘if the soil i is 
of low permeability, compression of the pore fluid. will result. soil. ‘mass 
ij is made up of solid soil particles, water, and air, and the pore fluid is defined 
as the water and air components of the mass. _ Within the normal range ied 

pressures encountered, both the soil. particles and water are - practically in- 
compressible. Therefore, the v olume change occurs as a compression of the 
a air, and pore pressures are produced « even though the voids are not filled with 
water. magnitude of the. pressures developed in a soil mass is 
therefore dependent upon: (a) d of the muh fluid; (b) the 


The pore pressure resulting from the consolidation of a soil mass can be 


A computed by the following equations 


c= 


“oF 


nits 9 “Principles of Soil Mechanics,” by Charles Tersaghi, , Engineering . News- Record, Vol. 95, 1925, p. 1029. 
10 “The Effects of Internal Hydrostatic Pressure on the Shearing Strength of Soils,” by L. W. Hamilton, 
Proceedings, American Society for Testing Materials, Vol. 39,1939, p.1100. wag 
7 - u0“Ten Years of Pore Pressure Measurements,” by W.-W. Daehn and F. C. Walker, Proceedings, 
_ Second International Conference on Soil Mechanics and Foundation Eng., Vol. III, 1948, p.245. 
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ia _ performance curve that may be expected to approximate the true conditions. a 


7 Ve is the consolidated volume of free air in the soil mass | (percentage of initial 


~ 


in which Uc 18 a 


— 
vfter consolidation (gi ge pr 


Ug 1S s the 


a. the initial V volume of free air in 1 the elke ms ASS (percentage of initial volume) ; : 


_ volume); 6V =V, — V'a whic hich is ' the volume change | caused by consolidation 
(percentage of initial volume); Ve w iS the volume of water in soil mass (per- 
centage of total initial volume); and h is the capacity of water to dissolve air 
as derived from Henry’s law (approximately 0.02) = 
. Eq. 5a" is similar to Eq. 5b, but is expressed in a slightly | different: on 
more convenient to use. “Both equations are based on Boyle’ law for com-_ 
__ pressibility of. “gasses and Henry’s law for the solubility. of air in water at 


~ constant temperature. ~ In using these equations | for computing pore pressures, 


the assumption is made that, if a soil containing air, w ater, and solids is loaded 7 
without per ‘mitting drainage, it will consolidate; and the consolidation occurs” 
asa volume change in the air content. _ The air W will not on only develop pressure 
i according to Boyle’: s law, but it will dissolve in water according to Henry’s law 
by a weight proportional to the pressure and the volume of water present. we 
- This method is used to estimate pore pressures in earth dam structures, and 
- good correlations with actual field and laboratory ‘Measurements have been 


AND SETTLEMENT TEs STS 
In order to distinguish between consolidation and settlement, as applied 
to o embankments and foundations, the change in volume of an embankment 
is referred to as consolidation, and the same process in a foundation is referred _ 
_toassettlement. 
7 In 1938 the USBR began the installation of telescoping pipe e apparatus®: ad 
‘in | the major dams | built under its jurisdiction. Wi ith this is apparatus it is a 
possible to measure the foundation settlement at the ‘point where the apparatus” 
is installed and also to measure the consolidation in any increment of the. em- 
bankment bracketed by crossarms. . Itisalso possible to correlate consolidation » 
with time and load. Attempts: have been made to measure fill consolidations _ 7 
‘to: accuracies approaching | 0.001 ft, but the measurements were found to be so 7 
erratic that no use could be made of this refinement. - Therefore, measurements _ 
_have been restored to the former standard of 0.01 ft. Individual —— - 
“deviate quite widely from the average; but in cases in which 
“record i is established either with time or depth, it is possible | to draw an average 


CONSOLIDATION 


os Laboratory consolidation tests on fine- grained soils are conducted i in fixed — 
ring consolidometers | on specimens 4% in. in diameter by ‘lj in. . high. For | 
foundation soils specimens taken” at the site are cut to fit the consolidometer — 
‘Tings, and for tests on embankment ‘soils the materials to be tested are com- 
_pacted into the container at anticipated field moisture and density conditions. . ‘ 
_ The loadings, conditions of saturation, and other factors used ‘during the test — 

are dependent on the problem to be studied | and o1 on the anticipated field” 


12“Estimating Construction Pore Pressures in Rolled Earth Dams,” by J. W. Hilf, 


Second International Conference on n Soil Mechanics and Foundation Eng., Vol. III, 1948, P. 234. 
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5 “particles: are to be tested, the 20-in. diameter percolation-settlement cylinders — 


7 - Some of the first attempts to correlate field and laboratory data showed an 
wide divergence. WI hen laboratory tests of an an ‘embankment 
material showed potential consolidation in the neighborhood of 9%, field 
‘measurements: showed less than 2% consolidation. — _ It was evident that | some 
adjustment was required . The laboratory tests were performed on samples _ 
limited to a minus No. 4 size, whereas the material used in the fill contained | 
material up to 3 in. in size and the plus No. 4 material comprised 30% to 70% 
of the total. _ Assuming that the coarse- grained fraction did not contribute to 
the measured consolidation, it was possible to reduce the discrepancy between — 
field and laboratory observations by about one half. It was also noted that 
quite high pore pressures were being measured in this embankment. © _ These 
‘pressures | would act to reduce ‘the effective consolidating load and would ‘not be 
Bese in the small laboratory samples a as s drainage w was provided. * By making — 
this adjustment | it was found that close agreement betw een laboratory tests 
field observations could be obtained on the basis of averages./* 
Based on settlement and consolidation records obtained there is 
- reason to ‘0 believe that the camber (that is, the slight longitudinal hump, placed 
on a dam during ¢ construction) will compensate for about. 100 years of con- 
‘solidation ar and 1 settlement, assuming an exponential time-consolidation relation- 
ship. Ina 2 properly compacted dam, the determination of potential settlement 
from laboratory tests thus becomes relatively unimportant. On| the other 
hand, as higher and higher dams are built, consideration o of pore pressure as a 
force tending to destroy stability “becomes very important. Iti is, therefore, 
assumed that the laboratory field relationship on consolidation is valid enabling 
P the use of laboratory tests to determine the ‘magnitude of pore pressure to be | 


anticipated in the fill under various placement conditions. ww 

Testing Conditions.—All s shear testing is by the triaxial 


‘method. _ Various size specimens are used, depending upon the typ pe e of samples 


from 1% in. in diameter by 2¢ in. high to 33 i in . in diameter by 9 in. high are 4 


generally used. specimens are used for foundation materials 
several can be cut from the horizon of a 6-i -in. diameter 


Ens and the problem to o be investigated. . Specimens v arying in size i” 


the ‘a reasonable testing “period. 
specimens are generally used for testing remolded embankment materials. 


_ These specimens a1 are more suitable | for r this type of w work because it is difficult 
' ‘to mold a a small specimen to a uniform density condition. — The laboratory 


‘control specified for « companion . shear ‘specimens of this type is 0.5 lb pe per cu - 


‘density and 0.1% moisture content. 


_ The triaxial shear tests are usually conducted on n sealed specimens with pore — 
"pressure being at the ends of the specimens 
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‘represent the shear characteristics of the materials at zero pore pressure condi- — 
Preconsolidation prior to shear testing with or without drainage is” 
performed if required by the data to be assembled. _ When tests are — 


“tests are are made to determine the of the material. “son 

_ shear tests described are conducted on the soil fraction of the material. | The — 


need for triaxial tests on materials containing rock particles i is seenmeiend, andl 


equipment is being designed for conducting shear tests on materials containing ; 


tests were conducted to and friction values since it 
wa yas recognized that the stress conditions induced by the direct shear test were 7 
not comparable to the stress conditions induced in an actual st structure. — ‘Speci- — 
- . that varied in size from 8 to 144 sq in. of shearing area were used. . The 
larger hnperengge Ae ere used to test materials containing rock particles up to ia 
1} in. in size. _ It was noted i in these particular tests that there was no change q 
in the shear values of materials containing up to 10% rock particles over the 7 
shear for the soil fraction that contained no particles larger than No. 4 size. — 
Effect of Pore Pressure.—In an effort to interpret shear test data and find 
explanation of the variations caused by ‘different test. procedures and 
-moisture- density conditions, the pore- pressure concept was dev eloped. This 
led to the principle of approaching the soil stability problem from the ‘nl 
point of pore pressure. As 1 research proceeded, it became evident that pore 
pressure could be neglected only w hen volume changes were so controlled that 
the pore fluid would drain from the specimen at the same rate as the volume hb 
a7 took place. _ When materials of low permeability were tested, it was 


~ found that the time required | for testing was increased to such an extent as to 


One of the first indications of the effect of pore pressure was the fact that 


] 


direct shear test results on soils that: were not free-draining « did not give . 


str raight- line relation betw een the nor mal applied load and the corresponding — 


shearing resistance . For the lower normal loads the consolidation of the mass _ 
_ was small; consequen ntly, the compression of the pore fluid was so negligible — 
that the pore pressure was relatively ineffective i in reducing particle contact 7 
‘pressures. As the ‘normal loads were increased and the consolidation of the 
mass became greater, the pc pore pressure ‘increased and a resulting loss of iin 
particle contact pressure took place. Thus, the plot of applied normal load — 7 
against shearing strength i is a curve betes - its greatest t slope at the the lower loads | _ 


- and a lesser slope at the higher loads. — This i is ; also true Ww hen the moisture 
content of the mass is increased, the shearing strength becoming less as the 
water content is increased (or the air content decreased) because 


7 fluid i is less ‘compressible and builds 1 up to greater amounts under load. elie 


Laboratory test. ‘specimens are subjected to stress “under 


- different: conditions than may prevail in 1 the pi prototype w hen pore pressure is 
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4 present. the — hours, 
Ww the loading in the prototype may | extend over several years. 
Ww be futile to use the results of tests 
pore pressure correction in the design of a large earth dam with any ae 
of a similar behavior in the prototype. 
It was necessary, therefore, to ‘select a shear test and to perfect testing 
techniques that w provide me control desired. Methods and 


‘strength of the material could | be The 


test was considered excellent for this p purpose because e drainage could be — 
trolled and pore pressure measurements taken. = | 
The Triaxial Shear Test. —A great deal of effort was ‘expended on the 
development of equipment techniques for determining the true shear 
characteristics of a soil mass by the triaxial shear test method. From these 

developments” it has been found that a -straight- line relationship between 
effective normal load and the corresponding shear resistance generally exists a 
up to the condition of complete saturation for remolded soils. Is. This is true 
provided the line of limiting shear resistance is constructed on the basis « & 
effective stresses and the stresses are determined at the actual time of failure 

of the specimen. cae point of n maximum Cans stress ratio, Ww which corre- 


USBR seems to indicate a paleo straight- line relationship, providing sliatives 
stresses and proper failure criterion are used. This y principle i is illustrated in 
| ‘Fig. 4. _ The numbers at the ends of the curves in Fig. 4 denote the applied “— 
- lateral pressure, and the vertical lines indicate the point of maximum stress. 
ration Itis recognized that the straight-line relationship between normal load 


and shear resistance does not hold for all types of soils and conditions in the 

lower load 1 range. For example, ‘natural loess soils of low density do not 

velop norm nal shear characteristics until some normal load is applied + that. , 

— will br own tl the natural loose structure and bring the particles into contact. 

: n thi is case, a definite break occurs in n the line of limiting: shear resistance at — 
that loading, after which the line becomes on of normal constant slope. 4 7 7 

‘aa A three-dimensional (consolidation-pore pressure- permeability) test was 
_ developed to study volume change against pore pressure of remolded and un 

- disturbed soils under load. The test is also well adapted f for determining ‘the 


a permeability of undisturbed soils as previously mentioned. In this test, 
cylindrical soil specimens in rubber sleeves are sealed to perforated metal end — 


plates and are subjected to to chamber pressures only, and the ‘relation between 
vi volume change and pore pressure is | studied under sealed and drained conditions. f 


7 Excellent correlations between computed pore pressures and pore pressures 
measured during the test have been obtained. 
13“‘The Use of the Maximum Principle Stress Ratio as the Failure Criterion in Evaluating Triaxial mn - 


- Shear Tests on Earth Materials,’ by W. G. Holtz, Proceedings, American Society for Testing Materials, 
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LIMITING MoIsTURE CONCEPT AND Movrriep 
oN, ADORATORT TU: DIES” 


‘Since the development of modern practices for controlling moisture and 7 


in the construction of earth dams, common control 


“construction ‘control was based on the theory that materials so placed. would 
‘provide a fill of minimum permeability, minimum consolidation, minimum 
water content when saturated, and maximum ultimate stability. For ‘practical 
‘reasons, limits for moisture control generally have been based 
content corresponding to some percentage of the laboratory maximum density Fe 
as determined from the density-moisture curve. The concept is extremely | 
oar and illustrative of the tendency to generalize about the performance of a po 
soil mass without giving | full consideration to all the factors involved in placing = 


and loading the mass. ; 


The effect of ‘pore pressure on stability assumes increased imports ance as 


: ¥ placement 1 moisture content i is increased, 2 as the fill loads become large, and 


sponding to the peak point | of the. moisture This | trend 


_ observations!® as well as computed o on the basis of rational formulas. 3 It was, 
therefore, considered | necessary to reduce construction pore pressures by reduc- 
ing the | placement moisture content as much as is well 
that a soil mass that is placed at too low a 
_ upon saturation. The amount of consolidation i is dependent o on 1 the precocmnind 
moisture, the consolidation characteristics the soil, cand the final load 


pore pressures been obser ved ‘through and 


ie The USBR believed that the laboratory could furnish an important guide 
aa for rolled-fill construction by the establishment of suitable moisture control 
= limits SO that neither high pore pressures nor excessive consolidation would 
‘result during « or after construction. The consolidation test was used primarily 
for determining these limits. — The laboratory tests used and the methods for 7 
determining the placement mo moisture limits have been in detail 
elsewhere" and will be referred to only briefly in hin paper. 

Moisture Content Limits. —The lower limit is defined as the est placement 
‘moisture content at which saturation will have no effect on consolidation ‘under 
the fill load | being considered. . The data for determining the limiting moisture — 
_ contents are e presented i in . terms of dry density, | placement moisture, and applied 
a, as shown in Fig. ‘5. The sample used as a 1 basis for the curves in = 


24. 7% clay size (— 0.005 mm). ~The four. ‘solid lines” ‘that 

- _ through the unsaturated, consolidated dry densities. obtained at at each placement 
moisture condition provide the consolidated dry density versus 
‘moisture curves for each respective load. condition, before consolidation, w : 

drainage is permitted. ‘Similarly, the four dashed lines that were drawn 


_4“The Detenniantion of Limits for the Control of Placement Moisture in High Rolled-Earth elle a 
by Ww. G. Holtz, American Society for Testing Materials, V Vol. 48, 1948, 1240. 


| 
| 
& 
| 
| 
| 
y 
43 
4 
{ 
| 
- 
q 
f = 
4 


ed 


5 
75 

0 


‘EMBL ANKMEN TS AND FOUNDATIONS 


Volume Change. 
AV, Percentage 


eo 8 


Lb per Sq In. 


Pore Pressure, 


her 


rincipal Stress, 


Ratio, o, / 

— — 


| 


iff 
i= 


| 


Effective Lateral 
Pressure, 
‘Lb per Sq In. 


> 


Lb per Sq In. | 
a 


Deviator Stress, 


WITH CLAY BINDER 


100 


ACA 
He 


Lat | 12.5 | 
(eum 
FE 


TEST 13- 
SAMPLE 


Fie. 4. a RIAXIAL SHEAR 


: 


| 
| 
= 
— |_| | 
“Bey 
| 
| 


EMBANKMENTS AND FOUNDATIONS 
— 


— 


) 


4 


Pore Pressure, P, 
Lb per Sqin. 


ss 
4 


N 


| 


Ratio, 


Principal Stre 


oO 


b per Sq In. 


Lb 
’ 


Effective Lateral 
Pressure, 


o oo 


=) 


= 
= 


Lb per Sq In 


; 


Deviator Stress, 


hear Stress, 7, 


200 60 80 80 45 


CLAY MODERATE TO HIGH PLASTICITY CLAY VERY | PLASTIC AND VERY / COMPRESSIBLE 


S 


- 
| 
oh 
| 
| | 4 
|_| | | | ms] 
40 
_ 


EMBANKMENTS AND FOUNDATIONS 


“through the saturated consolidated dry densities obtained at each placement 


- moisture condition provide the consolidated density versus placement moisture 
= curves after saturation, without change in load. difference between 


solid and dotted lines is the effect of saturation on consolidation Ses re- * 
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Fig. 5.—Lnoutine Moisture Curves 


ca an be tolerated without producing serious construction pore pressures aie 


= 


4 
canditio loads apy kcement 
2 


to reduce the safety factor of the embankment to an unaccepti able degree. AS #4 


practical limitations make it necessary to vary this limit in various parts Sof 
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7 the s structure, the “upper limits are give en as heavy dashed lines in Fig. 5 for : 
seve eral pore pressure values i in percenta of total los ad. The upper limit Tines 
are calculated from the results of the _one- -dimensional tests, 
aseuming that the the specimens are completely s sealed and id using E E qs. t and 5b. 
; Calculations were made from the consolidation test data to determine i total 


= _ applied pressure (pore pressure plus effective pressure) necessary to produce | con 
- same consolidation that would occur if the soil were sealed from drainage. 


This information is shown for the v various pressures as the thin dashed lines on ; 
Fig. with the pressures indie vated on “the curves. _ The lines: 


“pore: pressures thi at wil be obtained for ‘the fil pressures vor placement 1 mois- 
‘tures indicated. * The positions of these p pore pressure lines were obtained by 
the pore pressures at points along the total pressure lines, using. 
50. Pore pressure- consolidation tests that have been used to check the 
: results of these calculations have show n extremely good correlation between | 


“the pore pressures computed and those actu: ally obtained from tests. 
Pressure Readings in Feet of Water 
rest 
Water Surface 
_ E1.7881.0) 
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6.—Pore PRESSURES IN Gucex Moe TAIN Dam 


Modification of Cri eria.—The criteria given were d or tes 

fine- -grained impervious ‘soils ¢ containing ‘no rock” p: urticles. It was “recognized 

that these concepts would have to be modified when considering impervious 


HL ail 


soils containing gret ater than about 2 5% rock. Large-scale consolidation tests — 


we ere undertaken, therefore, to study these soils from one project in which this ’ 7 
type of material was used. wie, These tests, although probably t too 00 expensive e and 


: lengthy to be standardized for all borrow ‘materi: als containing | a consider _— 
proportion of rock, provided information that can be applied to other soil and _ 


rock mixtures. ~ Briefly, it was found that the probability | of high pore pressure 
decreases as the rock content is increased, becav use the ‘consolida ation of the 
total material i is restricted by the i increase in rock content. _ This restriction: _— 


consolidation is greater than’ can be accounted for by the solid rock volume 


aS: 5 ‘*The Effect of Rock Content and Placement Density o on 1 Consolidation and R elated Pore. Pressure 
in oo} Construction,” by H. J. Gibbs, Proceedings, American Society for Testing Materials, 
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displacing fine soil fraction and thus: indicates the effect of 
as further found, that for a a given type of grain 


size distribution curve, , 3-in. maximum size material showed less consolidation ; 


and the same or less pore pressure than 1- “in. maximum size material. — This | 


was caused | mainly by the corresponding i increase in rock content. < How wever, 
for equal total rock content, the 3-i in. 3 ‘maximum size material showed greater | 

consolidation and pose pressure than the l-in. maximum size material. a 
a This was attributed to the fact that the +3-in. maximum size provided a better | 

graded material, more adapt able to dense arrangement. of particles, than did 


the 1-in. 1aximum size. 
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= PResstRES IN ANDERSON Dam 


_ Another fact emphasized by this series of tests was that with the total 


“material placed at 80%, 90%, and 100% of maximum theoretical laboratory | 
density, the less dense material gave much higher ‘consolidation and pore 
“| pressure, even though the lower density | material was less saturated. — = 
Field Control of Moisture Content. fp 1940, during the construction of 

- Green Mountain Dam, (Blue River, Colo.), a structure more than 300 ft high, 
it was observed that much higher pore pressures were being developed than 


had been anticipated on the basis the then existen t. In some 
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2 ances these pressures amounted to 65% of ‘the superimposed fill. 


pore pressures, when the fill was completed, are shown on Fig. 6 6. ‘Fortunately 
the construction: season was limited to the summer months. This allowed 
pore pressure. dissipation ¢ during the » winter months. ‘The soil used w: 
a clayey, glacial till that contained about 40% rock fragments larger than No. 4 — ~ 
: screen. Abnormally high densities, that in some cases w ere as high as 150 Ib 
per cu ft, were reported, with the average dry dens sity of a great many tests” 
fi being 136 Ib per cu u ft. Plac lacement moisture approximated the laboratory | 


a As a result of this experience e, laboratory studies were initiated to find a 


means for allev iating these high pressures. The limiting n moisture concept 

was the result. - Limited tests indicated that, if field compaction using the 

“rollers as specified | by the USBR were. perforr med at a moisture content about 


‘ 
3 2% dry of the laboratory optimum, a very material reduction in “pore pressure 
would be possible. Immediately following W orld War II a number of dams 


were started, , but, because of the limited time available, it was impossible - to 

_ complete limiting moisture tests, and therefore, the abov e general criterion Ww ad : 

adopted for control, 7 

Axis of Dam 

Crest El. 656 

530.0 


Scale in 


Feet 


~The 1e efforts were only partially successful, “not because of any de feet in the 
-eoncept but because | it was difficult to overcome the entrenched policy of 
—s compaction at laboratory optimum moisture and the recommend: ation 

many authorities that compaction at. conditions| moister than optimum 
be used. In the construction of Anderson Ranch Dam: near 
Home, Idaho, moisture control ‘approximated laboratory optimum in the 
*.: lower, rer, more critical areas and the pore pressures developed in the central part 

of the dam were @ 80% | to 100% of the values predicted for such conditions. 7% he - 


upper part, in which drier placement conditions were attained, shows very 

little } pore on. The p pore pressure condition at two stages: of construction 


is shown on Fig. 7 In the Horsetooth Reservoir dams near Fort Collins, - ; 


Colo., and Gulch Dam near Moncos, Colo., it was necessary to use 


soils that would have developed very high pore pressures if compacted at 
laboratory optimum “moisture. Limiting moisture tests were used for control, 
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and the resu stant p pore ssures are insignificant. In the “cutoff trench at 
Davis Dam 1 near Kingn Arizona, materials were us used that had 1 not been a 
inte for y pore pressure. te made prior to W orld War II and before | 


limiting moisture control was inaugurated ‘ndibnatel that it would be difficult a a 
te to achieve a high impermeability and that pore pressure probably Ww ould. not be 7 
problem. The first placements | were made using. material with a water 
content greater than | optimum. — By the time the first pore pressure measure- 
ments could be made, there was about 50 ft of fill over the pressure cells located 
in this material. AS additional fill was placed, there was a corresponding i in- . 
crease in pore pressure, showing that the pore fit fluid arried all’ the additional 
load of the dam. 7 Corrective measures had been instituted by this time, and 
the pore pressures in the remainder of the fil! are small as can be seen in Fig. 8. - 
_ This figure also shows what can be done if limiting moisture contr ‘ol is followed h : 
#8 has been observ ed, after a ‘material is compressed to the point where the 
contained moisture completely s saturates the material, that any additional load 
carried entirely by the pore water. Ins some soils this condition has been 
developed with very small loads (less than 10 Ib per sq in.), and in many soils — 


it is attained at between 100 and 200 lb per sq in. w hen optimum moisture is : 
for for compaction. 


al The most significant conclusion that can be reached in correlating lab 
a data and field performance i is not the fr further 1 refinement of laboratory a? 
= tests or field measurements but the fact that good correlation can be obtained 
a only if all the factors affecting the field perfor mance are properly | accounted — 7 
for. For instance, the consolidation and pore pressure dev elopment of an 
- embankment cannot be properly analyzed unless the placement conditions, the 7 
effect of rock particles, and eff ctive pressures are properly considerec _ W ith - 
to. compaction, the present laboratory standards of impact compaction 
for cohesive soils, or relative density for _cohesionless soils, are sufficiently 
~ accurate for control p purposes. -Howev er, it ; should be realized that moisture 
and density requirements established by this control must be modified when 
necessary to conform to the : actu: al density- moisture- compactive effort data 
= from rolling oper oper rations in the field at the start of each ‘dam construe- a 
tion operation. From design standpoint, ts obtained from from 
stand ard impact compaction tests are conservative. 
of the greatest needs- in studying materials from a 
laboratory standpoint is for tests of compaction, permeability, consolidation, 
pressure, , and shear on soils containing rock particles. This phase of 
testing has been neglected because of the length of time and the 
expensive equipment usually required for these’ tests. USBR has tried 
fill in a few gaps in particular phase | of testing development of the 


D large sheepsfoot compaction tests : and large- scale pern meability a1 and consolidation 
tests. resear ‘ch ‘program to study” ‘the per meability and consolidation 


of several types of soil containing varying amounts of rock 
particles betw een the No. 4 and 3-in. . size will also produce valuable data. 


The study of the she: ar characteristics of suc uch embankment materials has been 
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_ On the basis of information, available to. ned (1951) the following tentative e 


WwW ith a betwee een about zero and i, the total ve cry 
similarly to the soil fraction having particles smaller than the No. 4 size. 
W hen the total material contains between about } to } rock particles, there is. 
theoretic: ally : sufficient soil to fill the rock voids, at this may not be true from 
praction! shandpeint of placing the Material because as the amount of 
rock is increased the article interference is also’ increased. In this case, ae 
increasing rock content may cause an increase in permeability, a decrease in — 
consolidation, and probably an increase in effective shear resistance. >All the 
bout 2 rock content i in n the total material there i is insufficient soil to fill the 

should be relatively high « 
_ Any program for - correlating laboratory ¢ data and field performance should | 
emphasize facilities for collecting measurements for checking the field perform- 
ance of a structure. oratory. 


ofa gravelly or -particle ‘material. Perm meability in such ‘material will 
i always be relatively high, consolidation relatively low, and frictional resistance 


14 Too often structures are built on the basis of laboratory 
data, and all thought the perfor mance is some 


milly ont ‘available “as a study of is 

‘The USBR i is attempting to remedy this general situation on those structures 

under its control by not only installing settlement and pore pressure measuring 

- devices in its earth dams as it has done in the past, but, in addition, establishing i 

bench marks or settlement measuring devices in power pl ints, pumping plants, | 

and canal. structures, w ith proper : initial condition records to enable checking | - 


the behavior of structures founded on soil that may have been treated, or 
ie, and constructed with or without piles or any combination of these 
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